Key words: evanescent field microscopy/nanobiology/nanotechnology/protein dynamics/single-molecule kinetics Recent progress in nanotechnology has enabled us to visualize and manipulate single molecules at work in aqueous solutions (Ishii et al., 2001; Ishijima and Yanagida, 2001 ). There are already many publications on single-molecule analysis of the structural dynamics and function of purified protein or nucleic acid molecules in vitro. These recent progresses, aided by advanced fluorescent microscopy, have enabled single-molecule techniques to be extended so as to visualize single molecules in living cells (Sako et al., 2000a; Schütz et al., 2000a) . This review discusses aspects of this new field in cell biology; the type of information that can be obtained using single-molecule analysis will be discussed, as well describing how single-biomolecules have been visualized in living cells using the results of singlemolecule experiments. In the technical aspect, the main topic of this review is total internal reflection fluorescence microscopy (TIR-FM), which is one of the most popular techniques currently used to visualize single molecules both in vitro and in vivo.
Why visualize single molecules in living cells?
Every protein in living cells works as part of a molecular network each of which is having a specific function such as gene expression, energy transduction, and membrane transport. Advances in molecular biology are rapidly uncovering the components of these molecular networks and how they are constructed. Clearly, one of the next objectives of cell biology is to quantitatively analyze the flow of materials, information and energy through these molecular networks. To achieve this, the dynamic and kinetic parameters of the unitary processes of the networks, i.e. movement and translocation of proteins, protein-protein interactions, enzymatic reactions, and so on, must be determined in the condition remaining cell structure and function. Single-molecule anal-ysis in living cells will prove to be a powerful technique for this purpose. No one will disagree that measurements in "living cells" are essential, since it is almost impossible to reconstitute the cellular conditions in vitro due to the complexity of the structure and variety of the local environment in living cells. Why then is "single-molecule" analysis so important?
Single-molecule techniques allow the information about fluctuation and distribution of the dynamic and kinetic parameters of the unitary processes to be determined. Such information is not revealed in averaged data. The origin of the dispersion of parameters observed in multi-molecule analysis is often difficult to determine. Even the determination of the averages of kinetic parameters of the intermediate steps of a reaction network is difficult using multi-molecule techniques, because it is impossible to synchronize the starting point of the reaction of each molecule. Synchronization is unnecessary in single-molecule assays. Furthermore, a recent topic creating great interest in the single-molecule field is the memory effect of enzymatic reactions, i.e., kinetics of single enzymatic reactions are no longer being described as random processes (Lu et al., 1998; Zhuang et al., 2002) . Proteins appear to have several quasi-steady states each of which has a lifetime of seconds (Ishijima et al., 1998; Wazawa et al., 2000) , and the reaction parameters may depend on which particular state the molecule is in. The memory effect of these reactions is noticeable only when a time series of the reactions of individual molecules is analyzed. Investigation of the roles of these protein memory effects in cellular responses is a future challenge for the field of cell biology.
Cellular responses can be started by the reaction of a very small number of protein molecules. For example, singlemolecule imaging has revealed that cell signaling induced by a small peptide hormone epidermal growth factor (EGF) is initiated by the binding of a few hundred molecules of EGF to its receptors on a single cell surface (Uyemura and Sako, unpublished observation) . This is in direct contrast to the number of protein molecules handled in conventional biochemical techniques. The number is in the order of 10 10 or greater. When the average number of molecules involved in a process is small, the fluctuation of number, which induces fluctuation of reaction, becomes great relative to the average number. Local heterogeneity of the structure and environment of living cells will amplify the fluctuation of reaction. This fluctuation must be the reason of instability of cellular events. Tracing the behaviors of individual protein molecules will be essential in being able to assess the magnitude of the fluctuation and to understand how cells overcome it. Single-molecule analysis is an important technique from this point of view.
Total internal reflection fluorescence microscopy for detecting single-molecules in living cells
TIR-FM is a technique used to observe the interface between two media with different diffractive indexes such as glass and water (Axelrod et al., 1984) . The primary application of TIR-FM in cell biology is to observe cell-substrate adhesions. In TIR-FM, an excitation light beam illuminates the meniscus of two media obliquely from a high (n 1 ) to a low (n2) diffractive index with an incident angle greater than the critical angle of total internal reflection (Fig. 1a) . The critical angle (θ c ) is given by θ c = sin -1 (n 2 /n 1 ).
Under these conditions, an electromagnetic field called "the evanescent field" rises from the interface into the medium with a lower diffractive index. TIR-FM uses this electromagnetic field to excite fluorophores. Unlike normal beam of light that travels in a straight line infinitely, the evanescent field propagates parallel to the interface vanishing exponentially with the distance from the interface. Therefore, using the evanescent field, the excitation depth can be limited to a very narrow range that allows the exclusive observation of the cell-substrate adhesion. The decay length (d) of the evanescent field along the depth of the field depends on the incident angle (θ), wavelength of the excitation beam (λ), and diffractive indices of both media:
Intensity of the evanescent field decays with depth from the interface (z):
In 1995, Funatsu et al. demonstrated that it was possible to visualize single-molecules of fluorophores on the glass surface in aqueous solution using TIR-FM (Fig. 1b) . While photodetectors, like high sensitive TV cameras equipped with a micro-channel plate type image intensifier, already had enough sensitivity to detect single fluorophores, the greatest problem to be overcome was reducing the background noise. The main source of the background noise came from Raman scattering of the water molecules. Funatsu et al. noticed that the most effective way to reduce the background was to limit the excitation volume to the region of interest. The background noise of Raman scattering and the fluorescence of molecules out of focus could be omitted by limiting the excitation volume. The thin excitation volume of TIR-FM was ideal for this purpose. (In the experimental setup of Funatsu et al. , the depth of evanescent field was calculated to be 150 nm.)
In addition to single molecules on a glass substrate, single
molecules on the plasma membrane of living cells have been visualized using TIR-FM (Sako et al., 2000a,b) . Objective-type TIR-FM (Tokunaga et al., 1997) , in which the excitation laser beam illuminates the specimen through the objective lens, has proven particularly useful for imaging living cells. Since the top surface of the specimen is free in this type of TIR-FM, it can be combined with high-resolution DIC microscopy using an oil-immersion condenser. Using this type of microscope allows easy access to the cells for changes of the medium, microinjection or micromanipulation (Fig. 1c) . The objective lens for the objective-type TIR-FM must have a large numerical aperture (N.A.). N.A.= n sinθ. Here, n is the diffractive index of the immersion media, and θ is the maximum incident angle. As shown in the above formulae (1)-(3), the decay length of the evanescent field is infinite at the critical angle and becomes shorter as the incident angle becomes larger. Since the critical angle of TIR from glass (n 1 = 1.52) to water (n 2 = 1.33) is 61°, an objective lens that has a N.A. larger than 1.33 (for practical purposes lager than 1.4) can be used for TIR-FM at the meniscus of glass and water. However, as the excitation beam has finite thickness, TIR with N.A. of 1.35 is possible but technically very difficult. Specially designed objective lenses are now available for objective-type TIR-FM. These lenses have a large N.A. (1.45 or 1.65) allowing a large incident angle beyond the critical angle of TIR to be achieved. The theoretical minimal decay length using an objective with a N.A. of 1.45 is 70 nm at the meniscus of glass and water.
TIR-FM has traditionally been used for observing the ventral (basal) surfaces of cells (Fig. 2a, top ). However, it is possible to image the dorsal (apical) surface of cells because the diffractive indices of the cytoplasm (n = 1.36-1.37; Mathur et al., 2000) and the cell culture medium are different (Sako et al., 2000a) . The diffractive index of the medium is almost similar to that of water. Imaging of the molecules in the apical membrane of polarized epithelial cells is important since the structure and molecular composition of the apical and basal membranes are different. When imaging the dorsal (apical) surface, the laser beam illuminates the cell surface through the cytoplasm (Fig. 2a , middle). Nevertheless autofluorescence from the cytoplasm was small with the exception of some of the large vesicles and vacuoles near the nucleus.
The major difficulty in imaging the dorsal surface of living cells using TIR-FM comes from bending of the dorsal surface. The incident angle of the laser beam to the bending surface changes depending on the position. In the situation where the dorsal surface is bent, the images become shaded due to inhomogeneous illumination. This problem can be avoided by illuminating with multiple laser beams from different directions (Fig. 2a, bottom) . Using two excitation laser beams in opposite directions greatly improved the TIR images of the dorsal surface of cells (Fig. 2b ). An example of the configuration of optics for the double-beam TIR-FM designed for dorsal imaging is shown in Figure 2c .
Single fluorescent molecules under a TIR-FM can be observed by the dark-adapted naked eye. For recording, highsensitive TV camera systems or an avalanche photodiode module are used. In our laboratory, back illumination-type slow scan cooled CCD cameras or high sensitive video rate TV cameras (such as EB-CCD) equipped with a microchannel plate type image intensifier are used for imaging of living cells.
Other types of fluorescence microscopy for imaging single-molecules in living cells
Conventional epifluorescence microscopy using a laser for excitation has been used to visualize single molecules on the surface of a living cell (Schütz et al., 2000a,b) . To avoid excitation of autofluorescence of the cells, a laser with a (1), the incident angle of the excitation beams could be changed at will (2). Lens 2 (L2) and 3 (L3) make a telescope for the magnification and handling of the laser beams. L; lens, λ/4; λ/4 wave plate, M; mirror, PBS; polarizing beam splitter. Arrows on the light path indicate the direction of polarization of light. long wavelength (e.g. 633 nm) was chosen for illumination. Diffusion of fluorescent lipid molecules in a muscle cell membrane (Schütz et al., 2000a) and ion channels along the equatorial surface of round cells (Schütz et al., 2000b) have been measured using this technique. A real-time confocal microscope using a Nipow disk with a microlens array can also be used to visualize single fluorescent molecules in living cells. Reduction of the detection volume due to the confocal effect decreased the background noise effectively to achieve single-molecule detection both on a glass surface and in a viscous solution (Tadakuma et al., 2001) . This technique is thought to be better than TIR-FM for single-molecule imaging in dense solutions. Very recently, low-angle excitation fluorescence microscopy was shown to be an effective method of reducing background noise when imaging single-molecules on nuclear envelopes (Tokunaga and Imamoto, 2001 ).
Fluorescent probes for single-molecule imaging in living cells
Fluorophores for single-molecule detection must have a fairly large extinction coefficient, have a high quantum yield of fluorescence emission, and emit a large number of photons before photobleaching. In living cells, fluorophores with longer light wavelengths for both excitation and emission are also advantageous to avoid phototoxicity of the excitation light and to separate the fluorescence signal from cellular autofluorescence. Our laboratory has successfully visualized single molecules in living cells using Alexa488, tetramethylrhodamine, Cy3, Alexa598 and Cy5. These fluorophores were conjugated to proteins or low-molecular weight biomolecules using chemical reactions.
Recently, green fluorescent protein and its derivatives (GFPs) have proven useful in bioimaging studies of living cells. Every protein can be fluorescently labeled at will, at least in principle, by constructing cDNAs of desired proteins fused to genes of GFPs and expressing them in living cells. Proteins tagged with GFP or YFP have been observed in single-molecules in living cells (Sako et al., 2000b; Iino et al., 2001) . The blue (BFP)-and cyan (CFP)-derivatives of GFP are not suitable for single-molecule imaging, since they are considerably more susceptible to photobleaching compared to GFP and YFP (Herms et al., 2001) . GFPs have some disadvantages, e.g. heavy molecular weight that may cause steric hindrance, possibilities of spontaneous dimerization (Zacharias et al., 2001) , and limited excitation and emission wavelengths. In addition, GFPs can usually only be conjugated to the N-or C-terminus of the target proteins.
Detection of single molecules in living cells
TIR-FM images of single-molecules of EGF conjugated with tetramethylrhodamine (Rh-EGF) on the surface of living HeLa cells are shown in Fig. 2b . EGF is a small peptide hormone that induces cell proliferation. Since mouse EGF has only one reactive amino residue (at the amino terminus), it can be labeled with amino-reactive dyes with a dye/ protein ratio of exactly 1 to 1. Binding of Rh-EGF to the cell surface was completely inhibited by the addition of an excess amount of non-labeled EGF at the same time as Rh-EGF was added. This indicates specific binding of Rh-EGF to cell surface EGF receptor (EGFR). As mentioned earlier, Rh-EGF on both apical and basolateral surfaces could be observed by changing the incident angle of the illumination laser beam.
It is somewhat difficult to prove that single-molecules are in fact being visualized in living cells. Constant fluorescent intensity over time from a single spot smaller than the optical resolution followed by single-step photobleaching is strong evidence of single-molecule detection (Fig. 3a) . Single-molecule detection was also confirmed by the quantum nature of the intensity distribution of fluorescent spots (Fig.  3b) . A monoclonal anti-EGFR antibody (EGFR1) was conjugated with Cy3 (Cy3-EGFR1) and bound to cells in the same manner as Cy3-EGF, and the intensity distributions of the fluorescent spots were examined (Sako et al., 2000a) . The concentration of Cy3-EGFR1 was greatly reduced (0.1 µg/ml) so as not to induce aggregation of EGFR. Since EGFR1 can be labeled with multiple Cy3 molecules, the intensity distribution of Cy3-EGFR1 spots on the cell surface could be fitted to the sum of 2 or 3 Gaussian distribution functions. The results after fitting are consistent with Poisson distributions of the number of Cy3 to EGFR1, assuming the first, the second and the third components represent EGFR1 conjugated with one, two and three Cy3 molecules, respectively. Using the same method, the fluorescence intensity distribution of Cy3-EGF on the cell surface was fitted to the sum of two Gaussian functions. The mean of the intensity distribution of the first component of Cy3-EGF was the same as that for Cy3-EGFR1, suggesting that this component represents single molecules of Cy3-EGF. In another report, the number of photons emitted from single fluorescent spots was compared in model membrane and in living cells to confirm single-molecule detection in living cells (Schütz et al., 2000a) . Fitting of the photobleaching timecourse to a theoretical function as expected from single-molecule detection has been also used as an index of single-molecule detection in living cells (Watanabe and Mitchison, 2002) .
Single-molecule visualization of early signal transduction processes of EGFR
Binding of EGF to EGFR induces dimerization of EGFR, which in turn promotes tyrosine phosphorylation in the cytoplasmic domain of EGFR. These are the early steps in signal transduction of EGF to induce cell proliferation (Schlessinger, 1988; Bogdan and Christian, 2001 ). The process of EGFR dimerization has been visualized for singlemolecules of EGF/EGFR complexes (Sako et al., 2000a) . Cy3-EGF in solution could not be observed as fluorescent spots because of rapid Brownian movement. In addition, binding of Cy3-EGF on the cell surface was specific for EGFR. Thus the appearance of the fluorescent spots of Cy3-EGF on the cell surface means the formation of an EGF/ EGFR complex. The binding ratio of EGF and EGFR is known to be 1:1. Therefore, dimerization of the EGF/EGFR complex can be detected as the formation of fluorescent spots that have twice the brightness of a single Cy3-EGF spots. Two types of dimer formation have been visualized. In a few cases (10%), two fluorescent spots diffusing laterally along the plasma membrane collided and then moved together (Fig. 4a upper panel) . However, in the majority of cases (90%), the fluorescence intensity of a spot increased suddenly by a factor of approximately two, and then photobleached in two steps (Fig. 4a lower panel) . This latter case is probably caused by the direct binding of EGF molecules in solution to an EGF-free EGFR located just beside an EGF-bound EGFR, suggesting that dimers (or larger oligomers) of EGFR had been preformed. Recently, singlemolecules of EGFR fused with GFP have been observed which directly revealed preclustering of EGFR in the plasma membrane (Sako et al., in prep.) .
Single-pair fluorescence resonance energy transfer (spFRET; Ishii et al., 1999; Weiss, 1999 Weiss, , 2000 has been used to examine dynamic conformational fluctuations of the dimers of EGF/EGFR complexes (Sako et al., 2000a) . A mixture of Cy3-EGF and Cy5-EGF was added to the cells. Exciting Cy3 by a 532-nm laser, fluorescence images at 580 nm (Cy3) and 670 nm (Cy5) were acquired simultaneously using dual-view optics (Kinoshita et al., 1991) . Anti-correlation of the fluorescence intensity changes of the same spot at the Cy3 and Cy5 channel have been visualized indicating the occurrence of FRET (Fig. 4b) . In some cases, the efficiency of FRET fluctuated with time suggesting conformational fluctuations of the dimers in a time scale of seconds. This dynamic fluctuation of the complexes is possibly related to the reorganization of the dimers of EGF/EGFR complexes as proposed from biochemical studies (Olayioye et al., 2000) .
Dimerization of EGFR induces autophosphorylation on its cytoplasmic tyrosine residues. mAb74 is a monoclonal antibody that recognizes conformational changes of the cytoplasmic domain of EGFR induced by the autophosphorylation (Campos-González and Glenney, 1991) . A431 cells were perforated by streptolysin O (Kano et al., 2000) to introduce Cy3-labelled mAb74 (Cy3-mAb74) into the cytoplasm. After stimulation of cells by Cy5-EGF, binding of Cy3-mAb74 to the plasma membrane could be visualized in single molecules in the presence of ATP. Fluorescent spots of Cy3-mAb74 tended to colocalize with the clusters of Cy5-EGF, indicating autophosphorylation of EGFR clusters bound with EGF (Fig. 4c ). This result is consistent with a widely accepted hypothesis for the mechanism of EGFR activation that formation of EGF/EGFR dimers is necessary for autophosphorylation of EGFR. A precise analysis of the activation of EGFR in single-molecules is in progress in our laboratory (Ichinose et al., in prep.) .
Dissociation kinetics between a chemoattractant and its membrane receptor in Dictyostelium amoeba under chemotaxis
Dissociation kinetics between a receptor and a ligand has been measured in single-molecules (Ueda et al., 2001) . Dictyostelium amoebae perform chemotaxis to adenosine 3',5'-monophosphate (cAMP), which is mediated by a G protein-coupled receptors (Parent and Devreotes, 1999) . In this stage, Dictyostelium amoebae express only a single type of cAMP receptor. To elucidate how cells sense gradients of cAMP, Ueda et al. (2001) synthesized Cy3-labeled cAMP and observed the binding of Cy3-cAMP to its receptor on the surface of cells undergoing chemotactic migration (Fig.  5a ).
An important parameter to characterize the recognition between cAMP and its receptor is the dissociation rate constant (k -1 ). k -1 dependents on the manner of interaction between cAMP and the receptor reflecting the state of receptor molecules during interaction with the ligand (Wu et al., 1995) . k -1 can be obtained by statistical analysis of the duration between binding and dissociation of single-molecules of Cy3-cAMP on the cell surface (Fig. 5b) . The release curves of Cy3-cAMP could be constructed by counting the number of spots remaining on the cell surface after binding (Fig. 5c) . In amoeba undergoing chemotactic migration, this measurement was performed separately for the Cy3-cAMP spots bound to the anterior pseudopods and the posterior tails. The release curves both obtained at the anterior and posterior could be described by a combination of two exponential decay curves.
Cy3-cAMP dissociated faster from the anterior half of cells compared to that in the posterior half by a factor of approximately 3 (Fig. 5c) . At the anterior, 71% of bound Cy3-cAMP dissociated with k -1 = 1.1 s -1 and 29% with a k -1 = 0.39 s -1 . At the posterior, 76% had k-1 = 0.39 s -1 and 24% had k -1 = 0.16 s -1 . The density of cAMP binding was almost uniform over the entire cell surface (Fig. 5a) . Therefore, the association rate constant should be greater at the anterior end by a factor of about 3. This implies that the association/ dissociation cycle of cAMP should be faster in the anterior end than the posterior one. Thus, the reaction state of the cAMP receptor molecules depends on the position of chemotactic cells according to the gradient of the signaling molecule cAMP, i.e. the gradient of cAMP concentration was converted to the difference in the reaction state of the receptor. This difference appears to depend on the coupling between the cAMP receptor and the trimeric G-protein on the cytoplasmic side of the plasma membrane. It is highly likely that cAMP signaling is more active in the leading end of chemotactic amoeba than that in the tail region.
Conclusion and Perspectives
Development of single-molecule techniques in living cells has allowed the visualization of the location and move- ments of molecules and counting the number of these molecules. Reaction kinetics of the cell signaling molecules were measured and activation of the molecules were detected. As shown in the study of the cAMP receptor (Ueda et al., 2001) , even the reactions of proteins belonging to the same molecular species were variable and regulated spatiotemporally in single cells. This finding suggests that the individuality of protein molecules, as shown in the memory effect after in vitro single-molecule analysis, is an important factor in cell signaling. Molecular mechanisms regulating signal transduction processes, for example, mechanisms of signal amplification, noise reduction, branching and cross talk of different signaling pathways, and generation of spatial and temporal information still remain unclear. Singlemolecule visualization in living cells has proven useful for quantitative analysis of the dynamics and kinetics of cell signaling reactions and should be indispensable in being able to solve these questions. This technique can be applied to every cellular response carried by protein systems as well as signal transduction. Single-molecule manipulation using fine glass needles, optical tweezers, or atomic force microscopy (AFM) became widely used in vitro protein studies. Also in living cells, the manipulation of membrane proteins in single-molecular level has already been reported (Edidin et al., 1991) . A combination of single-molecule visualization and single-molecule manipulation will become major technique in nano-biology in living cells.
